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Thermostable uracil-DNA glycosylase from Thermotoga
maritima, a member of a novel class of DNA repair enzymes
Margarita Sandigursky and William A. Franklin
Uracil-DNA glycosylase (UDG) is a ubiquitous enzyme
found in eukaryotes and prokaryotes [1–3]. This enzyme
removes uracil bases that are present in DNA as a result
of either deamination of cytosine or misincorporation of
dUMP instead of dTMP [4,5], and it is the primary activity
in the DNA base excision repair pathway. Although UDG
activities have been shown to be present in several
thermophiles [6–8], no sequences have been found that
are complementary to the Escherichia coli ung gene,
which encodes UDG [9]. Here, we describe a UDG from
the thermophile Thermotoga maritima. The T. maritima
UDG gene has a low level of homology to the E. coli
G–T/U mismatch-specific DNA glycosylase gene (mug).
The expressed protein is capable of removing uracil
from DNA containing either a U–A or a U–G base pair
and is heat-stable up to 75°C. The enzyme is also active
on single-stranded DNA containing uracil. Analogous
genes appear to be present in several prokaryotic
organisms, including thermophilic and mesophilic
eubacteria as well as archaebacteria, the human-
disease pathogens Treponema palladium and
Rickettsia prowazekii, and the extremely radioresistant
organism Deinococcus radiodurans. These findings
suggest that the T. maritima UDG is a member of a new
class of DNA repair enzymes.
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Results and discussion
T. maritima uracil-DNA glycosylase
A BLAST [10] search of the finished and unfinished
genomic DNA of several prokaryotic organisms at the
National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov) and The Institute for
Genomic Research microbial database (http://www.tigr.org)
found no sequences with any significant sequence homol-
ogy at the amino-acid level to the E. coli UDG protein. An
open reading frame (ORF) from the unfinished Thermotoga
maritima genomic DNA sequence was identified,
however, that showed very weak homology to the gene
encoding the E. coli G–T/U mismatch-specific DNA gly-
cosylase or MUG protein [11,12]. This ORF was assem-
bled from two T. maritima sequences (btmdx61f and
btmbk54f); the program TBLASTN 2.0.6 gave a score of
28 (bits) and an E value of 0.80. This ORF encodes a
putative protein of 185 amino acids with a molecular
weight of 20,578 daltons. The sequence of this ORF was
amplified by PCR, and the PCR product was cloned into
an expression vector, pET28a, which places a histidine tag
at the 5′ end of the gene. The gene was expressed in an
E. coli strain that was deficient in UDG activity and the
expression product was purified as a His-tag fusion protein
(Figure 1) and was assayed for UDG activity.
The UDG activity of the expressed protein was deter-
mined using a DNA substrate containing 3H-labeled uracil
substituted for thymine and was measured at 75°C.
Maximal release (more than 95%) of uracil from the DNA
substrate occurred within a 5 minute reaction time. The
protein did not lose activity when pre-incubated without
substrate at 75°C for 20 minutes. The UDG of E. coli has
been shown to lose 80% of its activity when incubated at
50°C for 5 minutes [13]. The T. maritima enzyme also
showed activity at 37°C. The major product released from
the DNA is uracil, as determined by reverse-phase high
pressure liquid chromatography (HPLC). The Km for
release of uracil from this substrate was determined by
Lineweaver–Burk analysis to be 0.06 µM, over a substrate
range of 0.6 nM to 0.4 µM. The enzyme was found to be
free of apurinic/apyrimidinic endonuclease or lyase activi-
ties, as well as exonuclease activities (data not shown). We
have denoted the enzyme as T. maritima UDG
(TMUDG); the gene is denoted as tmung.
We wished to determine whether TMUDG could
remove uracil from a U–G base pair, the product of cyto-
sine deamination of a C–G base pair. Double-stranded
oligonucleotide substrates containing either a single U–A
or U–G base pair were prepared and the activity of
TMUDG on these substrates was determined. These
substrates are subject to alkaline cleavage at the internal
abasic site following removal of uracil [14–16]. As seen in
Figure 2, the enzyme was capable of removing uracil
from both types of substrates, as seen by the formation of
an 11mer with an unsaturated sugar-phosphate group at
the 3′ end [17] when the reaction products were resolved
on a denaturing gel. The enzyme was also capable of
removing uracil from a single-stranded oligonucleotide
(data not shown). The enzyme did not remove thymine
from an analogous oligonucleotide substrate containing a
T–G base pair under identical reaction conditions. In the
case of the E. coli MUG, this enzyme is inefficient in
removing uracil from a U–A base pair and will only
remove thymine from a T–G base pair at very high
enzyme concentrations [12]. 
T. maritima UDG is a member of a new class of uracil-DNA
glycosylases
Although TMUDG was identified as a uracil-DNA glyco-
sylase in a thermophile, related genes appear to be present
throughout the bacterial kingdom, in both eubacteria and
archaebacteria, and in non-thermophilic species. Figure 3
shows an alignment of multiple amino-acid sequences
identified as putative homologs of TMUDG. Homologs
have been identified so far in the thermophilic eubacteria
Aquifex aeolicus, the archaebacteria Archaeoglobus fulgidus
and Pyrococcus horikoshii, and the human-disease
pathogens R. prowazekii (which causes typhus) and T. pal-
lidum (which causes syphilis). An analog has also been
identified in the radioresistant organism D. radiodurans.
The thermophilic bacteria seem to have UDG proteins of
similar size to TMUDG (185–199 amino acids), and these
are smaller than the putative UDG proteins in the two
human pathogens (258 and 260 amino acids). No
homologs have yet been identified in any eukaryotes.
TMUDG most likely represents a member of a new class
of uracil-DNA glycosylases with a divergent sequence
from the UDG enzymes found in E. coli, eukaryotes and
DNA viruses and from the E. coli MUG. The prokaryotes
containing putative analogs of TMUDG do not contain
sequences with homology to E. coli UDG, with the excep-
tion of the radioresistant organism D. radiodurans [18,19].
This organism is unique in that it not only contains a
homolog of TMUDG, but also contains homologs of both
E. coli UDG and MUG. It is not known whether all three
of these enzymes are expressed in D. radiodurans cells;
however, D. radiodurans has been shown previously to
contain uracil-DNA glycosylase activity [20].
Evolutionary implications
Why do some bacterial species contain a uracil-DNA gly-
cosylase similar to the E. coli enzyme and not to the
T. maritima enzyme? This is not yet known; a further
characterization of the enzymatic functions and the
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Figure 1
Purification of TMUDG. To evaluate the purity of the enzyme, fractions
were analyzed on a 12% SDS–PAGE gel which was stained with
Coomassie blue. Lanes 1 and 6, molecular weight markers; lane 2,
crude cell lysate (6 µg); lane 3, protein eluted with 60 mM imidazole
from the Ni2+ column (3 µg); lane 4, protein fraction loaded on a
MonoS column following de-salting on a PD-10 gel filtration column
(fraction III; 2.2 µg); lane 5, protein eluted from the MonoS column
(3.4 µg). The sizes of the molecular weight markers are shown at the
right of the gel. It is estimated that purity of the protein in lane 5
(fraction IV) is more than 95%.
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Figure 2
TMUDG removes uracil from double-stranded oligonucleotides
containing either a U–G or a U–A base pair. The 30mer double-
stranded oligonucleotides (20 fmol each) were incubated in a 20 µl
reaction mixture containing 50 mM Hepes-KOH pH 7.8, 0.1 mM
Na2EDTA, 1 mM DTT and 0.1 pmol TMUDG at 50°C. The reactions
were stopped by the addition of 20 µl 0.1 M NaOH and the samples
were heated at 90°C for 30 min to cleave the phosphodiester bonds at
the abasic sites. The samples were resolved on a 20% polyacrylamide
gel containing 7 M urea. Lane 1, U–G 30mer not treated with enzyme;
lanes 2–4, U–G 30mer incubated with TMUDG for 5, 15, and 30 min,
respectively; lane 5, U–A 30mer not treated with enzyme; lanes 6–8,
U–A 30mer incubated with TMUDG for 5, 15, and 30 min,
respectively. The positions of the 30mer starting material and the
11mer products are shown.
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three-dimensional structure of the TMUDG protein may
give clues to the evolution of this class of enzymes. It is
also not known whether the enzymes expressed in
mesophiles such as R. prowazekii and T. pallidum are
heat-stable proteins. TMUDG was discovered by having
weak homology to the E. coli MUG; however, it does not
appear to be closely related to this protein at the level of
the primary amino-acid sequence. It has been shown that
the E. coli MUG and the UDG class of proteins have
homologous structures, and it was predicted that MUG
and the UDG class of enzymes may have evolved from a
common ancestor [12]. Whether TMUDG is this
common ancestor awaits further analysis. Recently, a
novel eukaryotic uracil-DNA glycosylase has been identi-
fied in Xenopus and humans [21]. This enzyme, denoted
as SMUG, acts preferentially on single-stranded DNA.
TMUDG and its bacterial homologs do not seem to share
any sequence homology with the SMUG enzymes.
We believe that TMUDG catalyzes the first step for
removal of uracil in a base excision repair pathway in
T. maritima. An apurinic/apyrimidinic endonuclease that is
a homolog of E. coli endonuclease IV has been identified
in these bacteria and could perform the second step in this
pathway [22]. Given that life at high temperature causes
high levels of DNA depurination and cytosine deamina-
tion, an efficient repair pathway is essential for maintain-
ing the fidelity of the genomic DNA.
Materials and methods
Bacterial strains and plasmids
BW310 (λ–, ung-1, relA1, spoT1, thi–; obtained from E. coli Genetic
Stock Center, Yale University) was lysogenized with λDE3 using the
λDE3 lysogenization kit from Novagen. The plasmid pET28a was
obtained from Novagen. 
Cloning of the T. maritima UDG gene
PCR was carried out using T. maritima MSB8 genomic DNA as template
and the oligonucleotides (A) 5′-GGGGAAGCTAGCATGGAGATAGT-
GTCAGAA-3′ and (B) 5′-GGCCGGAAGCTTTCAACCCTCCTTCTT-
TAT-3′ containing NheI and HindIII restriction sites at the 5′ and 3′ ends,
respectively, for subsequent cloning into the pET28a vector system
(Novagen). The DNA sequence of the insert was confirmed by DNA
sequencing analysis. The plasmid expressing the His-tag fusion protein,
pET28a-tmung, was expressed in E. coli strain BW310(DE3). 
Enzyme purification
BW310(pET28a-tmung) was inoculated into LB medium containing
34 µg/ml kanamycin (LB-kan) and grown overnight at 37°C. The satu-
rated culture was diluted 1:100 in 150 ml LB-kan medium and grown
with shaking at 37°C until the A600 of the culture reached 0.9, then
IPTG was added to a final concentration of 1 mM and the cell culture
was incubated for additional 3 h at 30°C. Cells were pelleted by cen-
trifugation at 3,000 × g for 5 min at 4°C and then resuspended in 6 ml
ice-cold buffer containing 5 mM imidazole, 500 mM NaCl and 20 mM
Tris-HCl pH 7.9 (1× binding buffer). Cells were lysed by sonication with
4 × 10 sec bursts. The sonicate was clarified by centrifugation at
12,000 × g at 4°C for 30 min (fraction I). Fraction I (5 ml, 3 mg/ml) was
applied at a flow rate of 0.5 ml/min to a 1.2 ml HisBind Resin Ni2+
column (Novagen), which was subsequently washed with 12 ml 1×
binding buffer. Protein was eluted from the column with buffers contain-
ing 60 mM (6 ml), 100 mM, 250 mM and 500 mM (3 ml each) imidazole
in 500 mM NaCl, 20 mM Tris-HCl pH 7.9. TMUDG was mainly found in
the 60 mM imidazole fraction (fraction II). Fraction II (2.5 ml, 390 µg/ml)
was loaded on a PD-10 gel filtration column (Pharmacia), and eluted
with 3.5 ml buffer A (50 mM Hepes-KOH pH 7.8, 0.1 mM Na2EDTA,
1 mM DTT, 5% glycerol), producing fraction III. Fraction III (3 ml,
275 µg/ml) was applied to a MonoS HR 5/5 column (Pharmacia) and
protein was eluted from the column with a 20 ml linear gradient from
buffer A to buffer A containing 1 M NaCl, at a flow rate of 1 ml/min.
Fractions (0.5 ml each) were assayed for TMUDG activity. Active frac-
tions were pooled (fraction IV). The enzyme was eluted with a salt con-
centration of 0.45 M–0.5 M NaCl. Fraction IV (1.0 ml, 410 µg/ml) was
added to an equal amount of glycerol and was stored at –20°C.
DNA substrates
DNA containing 3H-labeled uracil was prepared by nick translation of
calf thymus DNA. The reaction mixture (100 µl) contained 2.5 µg calf
thymus DNA, 2.5 nmol dATP, dCTP, dGTP, 25 µCi of lyophilized
[3H]dUTP (specific activity 17 Ci/mmol, Amersham), 0.1 ng DNase I,
10 U E. coli DNA polymerase I, 50 mM Tris-HCl pH 7.6, 10 mM MgCl2
and 1 mM DTT, and was incubated for 1 h at 15°C, followed by the
addition of 0.5 nmol dTTP and continued incubation for 5 min. The
reaction was stopped by the addition of 2.5 µl 0.5 M Na2EDTA and
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Figure 3
Amino-acid alignment of T. maritima uracil-DNA glycosylase with
putative homologs from A. aeolicus, A. fulgidus, P. horikoshii, R.
prowazekii, T. pallidum, and D. radiodurans. Homologous ORFs were
identified using TBLASTN software at NCBI [10]. The amino-acid
sequences were aligned using the program CLUSTAL [24]. Black
boxes indicate identity and gray boxes indicate conservative changes.
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deproteinized by extraction with phenol–chloroform. Non-incorporated
nucleotides were removed by passing through a NICK gel filtration
column (Pharmacia) containing Sephadex G-50 equilibrated with H2O.
DNA was precipitated with ethanol and was resuspended in 250 µl
10 mM Hepes-KOH pH 7.8. 
Product analysis
Reactions (100 µl) contained 0.75 pmol DNA substrate containing 3H-
labeled uracil (15,000 cpm), 50 mM Hepes-KOH pH 7.8, 0.1 mM
Na2EDTA, 1 mM DTT and 0.1 pmol TMUDG protein, and were incu-
bated at 75°C or 37°C. Reactions were stopped by the addition of
110 µl 10% trichloroacetic acid and 11 µl calf thymus DNA
(2.5 mg/ml). The samples were centrifuged at 10,000 × g for 5 min.
Radioactivity contained in the supernatants was determined by liquid
scintillation counting.
Oligonucleotide substrates 
The 30mer 5′-ATATACCGCGGUCGGCCGATCAAGCTTATT-3′ was
labeled at the 5′ end with 32P and was annealed to either 5′-AATAAG-
CTTGATCGGCCGACCGCGGTATAT-3′ to give a double- stranded
30mer with a single U–A base pair or to 5′-AATAAGCTTGATCGGC-
CGGCCGCGGTATAT-3′ to give a double- stranded 30mer with a
single U–G base pair. The annealing of the oligonucleotides was per-
formed as described previously [23]. 
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